A cereal-based diet containing 7.6 mg copper/kg was fed ad lib. to laying hens for up to 48 d. Four other groups were given the control diet to which was added hydrated copper sulphate to provide 250, 500, 1000 and 2000 mg added Cu/kg.
was achieved at the commencement of the experiment: this lighting programme was maintained until the experiment ended. At 24 weeks of age, when all the hens had been laying for at least 2 weeks, they were randomly allocated to a pre-experimental group of six birds and to five treatment groups each containing thirty birds. The birds of the preexperimental group were killed at the start of the experiment.
The diets, fed ad lib., were the control diet, the composition of which has been reported by Jackson (1977) , alone or with Cu added as CuS0,.5H20 at (mg/kg) 250, 500, 1000 and 2000. The Cu salt was finely ground as specified by Jackson (1977) . The control diet contained Ukg): 173 g crude protein (nitrogenx6-25), 7.6 mg Cu, 136 mg zinc, 415 mg Fe, 32 g calcium, 5.2 g phosphorus and had a calculated metabolizable energy content of I 1-4 MJ/kg.
Six hens, selected at random from each treatment, were killed 3, 6, 12, 24 and 48 d after the start of the experiment. Individual body-weights were recorded at the start of the experiment and at slaughter. Records were kept of food consumption, daily egg production and egg weight.
The birds were killed by decapitation and blood haemoglobin (Hb) and packed cell volume (PCV) determined. Serum Cu was determined by the method of Ichida & Nobuoka (1969) and aspartate aminotransferase (AAT; EC 2 . 6 . I . I) by the method of Bergmeyer & Bernt (1965). The results were expressed in international units, where one unit represents the oxidation of I pmol NADPH/min at 37 ' . The fresh weights of the ovary, oviduct and gizzard were recorded. The liver, kidneys and a portion of breast muscle were weighed and oven-dried at 100 O before chemical analyses. Portions of the gizzard, spleen, liver and kidneys were examined histologically for the presence of Cu (Lindquist, 1969 ) and glycogen as previously described ). The Cu, Zn, Fe and manganese concentrations in liver and kidneys were determined by atomic absorption spectrophotometry after dry ashing and solution in dilute hydrochloric acid. These minerals, with the exception of Mn, were also measured in breast muscle. The lipid content of liver samples was measured using the method of Folch et al. (1957) .
The results were subjected to analysis of variance and log transformations were carried out for those variables which exhibited variance heterogeneity.
RESULTS
Since the determined dietary Cu values were close to the calculated values, the latter values have been used in presenting the results.
Mean daily food intake, body-weight change and egg production results are shown in Table I . All were significantly depressed (P < 0'001) by dietary added Cu level. Bodyweight change and egg production were significantly affected by time on the diet (both P c 0.001) and showed a significant diet x time interaction (both P < 0001). Mean egg weight was unaffected either by the level of added Cu or time on the experimental diets.
The over-all mean (ASEM) egg weight was ~I * o & -o . o~ g. Table 2 gives the blood Hb and PCV values and the serum Cu and AAT levels. These were significantly affected by the level of Cu supplementation (all P < 0.001). The principal effect on the blood Hb, PCV and serum AAT was an increase at the higher levels of addition. There was apparently an increase in serum Cu concentration at the intermediate levels of Cu addition.
The mean fresh weights of liver, kidneys, oviduct, ovary and gizzard, expressed as g/kg body-weight, are presented in Table 3 . As the level of Cu supplementation increased liver fresh weight/kg body-weight decreased and the effect became significant (P < 0-001) when fresh weight/kg body-weight was significantly depressed by level of added Cu (P < o.oor), the period of time on the diets (P < 0.05) and the interaction between Cu level and time was also significant (P < 0.01).
E#ects of dietary copper in the laying hen
The oviduct and ovary fresh weight/kg body-weight were depressed and gizzard fresh weight/kg body-weight increased by level of added Cu (all P < O*OOI) and period of time on the diets. There was also a diet x time interaction for the weights of all three organs (all P < 0.001).
The concentrations of Cu in the liver, kidneys and breast muscle are shown in Table 4 together with the liver lipid concentration, The concentrations of Cu in the livers of birds receiving diets supplemented with 5 0~2 0 0 0 mg Cu/kg were significantly higher (P < 0.001) than those of the birds receiving o or 250 mg added Cu. These higher Cu concentrations in the livers were apparent after only 3 d on Cu-supplemented diets and continued to increase up to 12,24 and 48 d for the 500, 1000 and 2000 mg Cu/kg supplemented diets respectively. The period of time on diet and interaction effects were significant (both P < 0.001). The time effect was apparently due to the responses at the 1000 and 2000 mg/kg levels of added Cu. By 48 d, the liver Cu concentration of birds receiving 2000 mg added Cu/kg was 1790 pg/g dry matter compared with 74 pg Cu/g DM after 3 d on this diet. When compared with the pre-experimental control birds this represents an increase in liver Cu of approximately 16000%. The effects of diet on Cu levels in kidneys and breast muscle were less marked although the trends were the same as for liver. The results suggest the breast Cu concentration in DM to be maximum in the region of 500 mg added Cu/kg diet. Liver lipid concentration was significantly reduced by level of added Cu and period of time on the diets (both P < 0.001). There was a highly significant diet x time interaction.
Values for liver, kidney and breast muscle mineral concentration, excluding Cu, are given available at https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19800079 One unit represents the oxidation of I pmol NADPH/min at 37 ' .
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in Table 5 . The effects of diet and time on the levels of liver Zn were significant and there was an interaction (all P < 0.001). After 3 and 6 d on diets supplemented with 1000 and zoo0 mg Cu/kg, the liver Zn concentrations were significantly higher (P < 0.001) than for those in the control and two lower-Cu treatment groups. However, after 6 d the effect was, in most instances, no longer apparent. The Zn concentrations in kidneys and breast muscle did not show either a diet or time effect, and mean values for each treatment are not presented in Table 5 . The over-all mean (~S E M ) Zn values for kidney and breast muscle were rzr-zf5.50 and 3 1 . 3 f r . 1 3 pg/g DM respectively. Liver Fe concentrations were increased by Cu treatment (P < 0.001). The effect was present by 1 2 d at the 2000 mg/kg level of Cu addition and by 24 d the effect was also evident at the 1000 mg/kg level. Kidney Fe concentration was affected by dietary added Cu (P < O.OOI), the tendency being for kidney Fe to be increased at the highest level of dietary Cu addition at 24 and 48 d. Breast muscle Fe showed an increase with the period of time on the diets (P < 0.001) but dietary added Cu had no effect.
Liver Mn was increased (P < 0.001) and kidney Mn decreased (P < 0.05) with level of added dietary Cu. to those in control birds. The spleen was apparently unaffected in any of the treatment groups. Birds on the two highest Cu treatments exhibited considerable thickening and damage to the gizzard lining. Microscopic examination of the gizzards revealed focal changes in the koilin layer.
The Cu-staining procedure failed to reveal the presence of Cu in liver, kidney or spleen, but Cu-staining was evident in the koilin layer and this effect increased with the level of added dietary Cu. 
Efects of dietary copper in the raying hen
The reduction or cessation of egg production in response to high levels of added dietary Cu is in agreement with previous findings (Jackson, 1977; Griminger, 1977; Jackson ef al. 1979) . At the highest level of added Cu, egg laying ceased after 5 d and at 1000 mg added Cu/kg it was only spasmodic after 5 d. Calculation of the metabolizable energy and protein requirements for maintenance and production (Agricultural Research Council, I 975) show that the decreased food intake would explain the reduction in egg numbers. This effect is similar to that in the broiler, where paired-feeding trials showed growth depression to be due to reduced food intake (Fisher et al. 1972) . However, it is possible in experiments with the laying hen that the added dietary Cu may have influenced the hormonal control of egg production.
In the present experiment serum Cu was increased by 250 and 500 mg added Cu/kg and decreased by the two highest levels compared with the control birds. The Hb and PCV levels were significantly increased by 2000 mg added Cu/kg, and increased serum AAT -which accompanies cellular breakdown and is often indicative of liver dysfunction -was found at the higher levels of dietary added Cu. Jackson (1977) found that giving diets supplemented with up to 1920 mg Cu/kg did not affect blood Cu, but diets with 300 and 400 mg added Cu/kg significantly increased blood Cu levels ). In general the other blood and serum observations agree with those found at high and intermediate levels of CuSO, addition by Jackson (1977) and Jackson et al. (1979) respectively.
The significant decreases in liver, kidney, oviduct and ovary fresh weights, expressed as g/kg body-weight, resulting from added dietary Cu were expected in the light of previous results by the present authors (Jackson, 1977; Jackson et al. 1979) . In the present experiment fresh liver weights per unit body-weight were reduced as a result of giving diets supplemented with 1000 and 2000 mg Cu/kg. Since, after 48 d on the diet with 2000 mg added Cu/kg, oviduct and ovary weights were extremely small, it is obvious that egg production must have ceased completely by this time.
The increase in gizzard fresh weight/kg body-weight with added dietary Cu has been observed before in the laying hen Liver Cu concentration (Table 4) was significantly increased by high levels of added dietary Cu and unaffected by 250 mg Cu/kg. The rate of accumulation of Cu in liver was rapid, substantial increases being apparent after only 3 d of Cu treatment. The liver Cu levels continued to increase for 48 d on the highest Cu treatment but, with the 500 and 1000 mg added Cu/kg, a maximum was reached after 12 and 24 d respectively. Jackson et al. (1979) have reported that the laying hen appears to exhibit a threshold level of Cu intake between 600 and 800 mg added Cu/kg diet, above which accumulation occurs in the liver. In the current 'experiment this threshold was found to occur between 250 and 500 mg added Cu/kg diet. This threshold effect has been noted in other species. For example, threshold levels of 200 and 50mg Cu/kg diet respectively have been reported for the rat and cotton rat (Milne & Weswig, 1968) while the value for the pig lies between 70 and 130 mg/kg (Ritchie et al. 1963 Although added Cu had a significant effect on kidney and breast muscle Cu levels, the increases were of a much lower order than those observed in the liver. Similar results have previously been reported for the laying hen ) and the broiler (Fisher er al.
1972; Norvell ef al. 1974).
Liver Zn levels (Table 5 ) were significantly affected by Cu treatment. There was an indication of an increase on the three highest treatments at 3 and 6 d, this effect being statistically significant on the two highest Cu treatments. By 12 d and subsequently this effect was no longer evident, except at 48d for the birds receiving 2000mg Cu/kg diet. Fisher e f al. (1972), working with broilers, found that liver Zn levels were increased by diets supplemented with 50 mg Zn/kg together with 500 or 750 mg Cu/kg, but were decreased when dietary Zn concentration was increased to 200 mg/kg. In the current experiment the dietary Zn concentration was 136 mg/kg, and evidence suggests that the contribution from the galvanized cages and fittings would be less than 10 mg Zn/kg diet (Mehring et al. 1956 ). These results in the laying hen and broiler suggest an effect not dissimilar to that in the pig, where dietary Cu had been found to cause a decrease in the incidence of parakeratosis. Also Ritchie et al.
(1963) have shown a slight, but not statistically significant tendency for storage of liver Zn as dietary Cu level increased. Although Davis (1958) has reported that toxic levels of dietary Cu result in almost complete elimination of Zn from the liver of the pig, there is no evidence of a similar effect in the laying hen.
The increased Fe concentration in the liver as a result of the high Cu treatment is a further indication of differences which exist between the fowl and other species, since in the rat a highly significant inverse correlation has been found between hepatic Fe and Cu (Sourkes et al. 1968 ).
The levels of Mn found in the liver agree with those of Mathers & Hill (1968) for laying hens. The increase in liver M n concentration is, at first sight, unexpected in light of the dramatic increase in liver Fe associated with increasing dietary Cu, since Fe and Mn show considerable similarity in chemical properties and could reasonably be expected to exhibit antagonism. However, the kidney Mn levels were decreased by increasing Cu level, but the effect was only marginal.
With regard to the total content of Zn in the liver (Table 6 ) there was no diet effect, and this suggests that the effect on Zn concentration seen in Table 5 was due to reduction in liver weight. However, the effect on liver Fe would appear to be a true increase in total Fe content and not merely a concentration effect. In the instance of liver Mn the increased concentration is apparently due to reduced liver weight, since when the Mn is presented as total content it is significantly decreased by increasing added Cu in the diet.
